'l((+OC> 


AFCRL-63-225 


Spectroscopic  Studies  with  Ion  Beams 
R.  H.  Hughes,  J.  L.  Philpot,  J.  0.  Dodd,  and  S.  Lin 


f  >» 

Department  of  Physics 

% 

University  of  Arkansas 

s 

Fayetteville,  Arkansas 

a 

Technical  Report 

Contract  AF  19  (6o4)  -  49 

CO 

<3C 

September- 1962 
Project  7661 

Task  76614 

*  -If 


APR  1  i>  1963 

lU  J1S4A  * 


J 


Geophysics  Research  Directorate 
Air  Force  Cambridge  Research  laboratories 
Office  of  Aerospace  Research 
United  States  Air  Force 
Bedford,  Massachusetts 


-7  s  7^ 


Best 

Available 

Copy 


Spectroscopic  Studies  with  Ion  Beams 


i  ATCRL-63-225 


R#  He  Hughos ;  J«  L»  Pbilpot j 


i/^S' 


— Dodd f  and  6r  Lin 


Department  of  Physics 
University  of  Arkansas 
Fayetteville,  Arkansas 


Technical  Report 

Contract  AF  19  (6o4)  -  4966 


y  September  <4962 

v ^  Project  7661 
Task  76614 


,©«f 

(£W 


Geophysics  Research  Directorate 
Air  Force  Cambridge  Research  Laboratories 
Office  of  Aerospace  Research 
United  States  Air  Force 
Bedford,  Massachusetts 


Abstract 
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A  spectroscopic  study  of  ion-atom  and  ion-molecule  collision  processes  hem 
been  undertaken.  Absolute  cross  sections  for  excitation  of  principal  visible 
features  are  presented  in  this  report  for  proton  impact  on  He,  H^t^ani  N^Jin  the 
proton- energy  range  from  about  10  kev  to  130  kev.  Optical  radiation  is  observed 
at  an  angle  to  the  beam,  which  allows  measurement  of  charge- changing  cross 
sections  for  electron  capture  into  certain  excited  states  of  hydrogen.  Reprints 

5  1- 

of  published  studies  of  200 -kev  proton  impact  on  He  and  Nm  are  included  together 

%  5  C*)j 

with  a  reprints  of  a  note  describing  some  spectral  features  of  200  kev  E~A  an<i 

a-  (+)  St 'b  * 

130  -200  kev  H^/\  impact  on  H^and  He.  Iaeluded  also  use  calculated  minimum- energy 

defects  for  several  reactions  ^a/ut  r<^£a^o 


Apparatus 


A  positive- ion  accelerator  was  built  to  accelerate  ions  through  a  maximum 
potential  difference  of  about  150  KV  for  the  purpose  of  studying  the  spectra 
induced  by  ion  Impact  on  gases.  In  practice  we  find  that  operation  is  satis¬ 
factory  below  130  KV.  Some  studies  have  been  made  using  as  low  as  5- kev  beams 
of  H+  but  the  currents  at  these  energies  are  small,  which  make  such  studies 
difficult.  The  low-energy  limit  will  be  lowered  for  future  studies  simply  by 
reducing  the  length  of  the  glass-aluminum  beam  tube  (presently  2  feet).  The 
accelerator  uses  an  CKTBC  r-f  ion  source.  The  beam  is  magnetically  analyzed  as 
it  is  bent  through  30°  into  the  collision  chamber.  Fig.  1  shows  the  details  of 
the  collision  chamber.  Not  shown  is  a  liquid-air  trap  at  the  end  of  the 
collision  chamber  Installed  to  remove  condensible  vapors  from  the  collision 
region. 


A  JaCo  300  mm  Ebert  scanning  spectrometer  has  been  calibrated  for  use  in 
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the  38OOA  to  66OOA  spectral  range.  Calibration  procedure  has  previously  been 
described.^  A  JaCo  500  mm  Seya-Namoika  vacuum  spectrometer  has  been  obtained 
for  Tyman  alpha  studies.  Attempts  were  made  to  measure  the  Lyman  alpha  radiation 
with  the  vacuum  spectrometer ,  but  the  system  failed  to  detect  the  radiation.  A 
nev  optical  system  is  being  designed  around  the  vacuum  spectrometer  to  increase 
the  optical  efficiency. 

Pressure  measurements  are  made  with  a  McLeod  gauge  while  a  Pirani  gauge  is 
used  to  monitor  the  pressure.  Most  data  are  obtained  in  the  pressure  range  of 
1-10(1  Hg.  Helium  and  hydrogen  are  let  into  the  collision  chamber  via  a 
liquid-air-cooled  charcoal  trap  and  a  heated  palladium  leak  respectively.  A 
cold  trap  is  used  to  condense  out  moisture  in  all  cases.  The  beam  is  observed 
at  a  30°  angle  which  permits  the  observation  of  the  Doppler  shifted  hydrogen 
emission  from  fast  hydrogen  atoms.  This  makes  possible  differentiation  between 
radiation  from  fast  hydrogen  atoms  and  radiation  from  stationary  hydrogen  atoms 
in  the  collision  chamber. 

Study  I  -  Spectra  Induced  by  H+  Impact  on  Ng 

A.  The  Ng+  First  Negative  Band  System 

Cross  sections  for  exciting  four  members  of  v'  *  0  progression  in  the 
2  2 

B  E  — »X  E  transition  are  displayed  in  Fig.  2.  These  emissions  were  linear  with 
pressure  and  current  below  5^  pressure  and  above  20  kev.  Linearity  with  pressure 
below  20  kev  was  not  checked;  thus  our  confidence  in  the  low-energy  region  is 
somewhat  limited.  This  latter  statement  applies  to  all  the  measurements  included 
in  this  report.  All  measurements  involving  Ng  were  made  in  the  l(i  -  5n  pressure 
range. 

Our  definition  ofthe  cross  section  a  follows  from  the  equation:  n  »  opF 
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FIG.  2.  Cross  sections  for  the  v>0  progression  emissions  in  the  N 
negative  system 
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where  n  is  the  number  of  photons  emitted  from  a  cubic  centimeter,  P  is  the 
molecular  density  in  the  chamber,  and  F  is  the  proton  flux. 

o 

Our  results  for  the  (0,  0)  X3914  band  agrees  veil  with  Sheridan  et  aJL 

where  overlap  occurs.  Their  measurements  are  for  30  kev  and  less.  Our  results 
appear  to  be  about  10  per  cent  lover.  Our  previous  results  at  200  kev  seem 
somewhat  low  compared  with  an  extrapolation  of  these  curves  to  200  kev,  but  is 
in  acceptable  agreement.  The  cross  sections  displayed  were  determined  with  a 
spectral  slit  width  of  25A,  thus  the  cross  sections  represent  the  emission  in 
this  wave  length  interval.  Exceptions  are  the  results  for  the  (l,  1)  X3884 

and  (1,  2)  X4236  emissions  of  the  N2+  first  negative  band  system  which  are 

included  in  Fig.  3*  Higher  resolution  was  required  to  resolve  these  bands,  and 
thus  determinations  were  made  with  a  smaller  slit  width. 

Fig.  3  displays  our  results  for  the  v'  »  1  progression  in  the  N2+  first 
negative  band  system.  The  accuracy  of  the  results  for  this  progression  is 
limited  by  the  resolution  problems  for  X4236  and  X3884  as  well  as  for  the 
(1,  0)  X3582  band.  In  the  X3582  band  there  is  always  the  possibility  that  the 
unresolved  Ng  second  positive  band  at  X3577A  may  affect  the  results.  This  band 
gives  the  X35&2  band  the  appearance  of  pressure  dependency  since  it  is  excited 
by  a  neutral  component  in  the  beam  at  low  energies  and  by  secondary  electrons 
at  the  high  energies.  We  hope  that  our  measurements  are  valid  since  we  operated 
at  quite  low  pressure. 

Neglecting  cascade  effects,  population  cross  sections  for  the  v  ■  0  and 
2 

v  »  1  levels  of  the  B  E  state  were  determined  as  a  function  of  proton  energy 
simply  by  summing  the  cross  section  for  the  v'  -  0  and  v'  *  1  progressions 
respectively.  These  results  are  displayed  in  Fig.  4.  Relative  transition 
probabilities  could  be  determined  for  various  bands  and  are  listed  in  Table  I. 
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FIG.  3.  Crots  sections  for  the  v‘«  I  progression  in  the  Nj  first  negative  system 
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FIG.  4.  Population  cross-sections  for  the  v*0  and  v=l  levels  of  the  B  2  state  of  N, 


Table  I  -  Transition  probabilities  associated  with  the 
N2+  first  negative  band  system 


Transition 

A 

B 

c 

0-0 

.715 

.69 

.67 

0-1 

.229 

.26 

.23 

0-2 

.048 

.04 

00 

q 

0-3 

.00?5 

1-0 

.40 

.23 

.28 

1-1 

.245 

.27 

.25 

1-2 

*235 

•38 

.26 

1-3 

.10 

.11 

.14 

1-4 

.02 

.01 

.04 

A  Measured  by  this  experiment  (fast  H+  impact) 
B  Measured  by  Herzberg  (1929) 

C  Calculated  by  Pillow^ 


-4- 


1* 

Also  listed  are  Herzberg's  measured  transition  probabilities  as  well  as  Pillow's 
calculated  transition  probabilities'*.  The  transition  probabilities  as  measured 
by  this  experiment  were  very  consistent  throughout  the  energy  range  for  the 
v'  =  0  progression.  The  reproducibility  gives  us  high  confidence  in  the  stated 
values . 

Stewart^  has  recently  measured  Ng+  first  negative  excitation  by  electron 
impact.  He  quotes  the  relative  band  intensity  of  (0,  0),  (0,  1)  and  (0,  2)  to 

7 

be  1.0:  0.39:  0.10  which  he  compared  to  Bates'  theoretical  values  of 
1.0:  0.31:  0.072.  Bates'  article  is  not  available  to  us  to  compare  transition 
probabilities,  but  our  relative  band  intensities  are  1.0:0.32:0.067  which  are 
in  excellent  agreement  with  Bates. 

The  probabilities  measured  for  the  v1  =  1  progression,  however,  were  not 
particular ily  consistent,  and  reproducibility  from  energy  to  energy  varied  as 
much  as  7  per  cent.  We  attribute  this  to  the  uncertainties  in  the  13884  and 
X4236  bands  and  possibly  in  the  13582  band.  The  discrepancy,  however,  is  quite 
large  between  our  transition  probabilities  and  Herzberg's  values  for  the 
v'  *  1  progression. 

The  Ng+  excitation  is  interesting.  At  the  lower  energies  the  dominant 

mechanism  for  the  production  of  Ng+  ions  is  charge  transfer,  while  at  the 

higher  energies  straight  ionization  is  dominant.  We  normalized  the  measure- 

8  + 

ments  of  II' in  et  al  for  the  production  of  ions  to  the  charge- transfer 

o 

cross-section  measurements  listed  in  Allison's  review  article  at  the  lower 
energies  (5-15  kev).  Using  these  two  sets  of  data  we  then  determined  the 
fraction  of  Ng+  ions  that  are  formed  by  the  processes  of  ionization  and  charge 
transfer.  The  results  are  shown  in  Fig.  5*  (There  is  considerable  uncertainty 
in  reading  value  from  the  small  graphs  in  Reference  8.) 
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Fraction  of  UT  produced  by  charge  transfer,  ionization,  and  fraction  of  N*  excited  to 


Ve  then  assumed  that  our  excitation  cross  section  for  the  v  ■  0  and  v  *  1 

states  of  B  level  represented  95  per  cent  of  the  excitation  of  the  B  level 

+  2 

and  plotted  the  fraction  of  the  Ng  ions  that  are  excited  to  the  BE  level  by 

both  ionization  and  charge  transfer.  Much  to  our  surprise  the  excited  fraction 

remained  at  a  fairly  large  constant  value  of  between  15  per  cent  and  20  per  cent. 

One  might  have  expected  a  somewhat  smaller  value  at  the  higher  energies  where 

the  Ng+  excitation  might  approach  the  Ng+  excitation  produced  by  an  electron 

at  the  same  velocity.  Stewart^  has  measured  Ng+  excitation  by  electron  impact. 

He  finds  that  the  excitation  of  the  B  ^  v«  0  level  maximizes  at  about  100 

volts  with  a  cross  section  of  9*5  X  10"  cm.  If  we  assume  that  80  per  cent 

of  total  ionization  cross  section  for  electron  impact  represents  the  production 

of  Ng+  ions,  then  the  excitation  of  this  level  represents  at  most  4  per  cent  of 

the  Ng+  ions  formed.  For  200-kev  proton  (velocity  equivalent  to  a  100-ev 

electron)  impact,  about  96  per  cent  of  the  Ng+  ions  are  formed  through  straight 

ionization,  and  yet  we  have  previously  obtained  the  large  cross  sections  of 

about  4.3  X  10  cm  for  exciting  the  B  £  v  *=  0  level.  Charge  transfer  is 

not  sufficient  to  explain  the  discrepancy,  since  the  total  transfer  cross  section 
-17  2 

is  only  1.5  X  10  cm  at  200  kev.  We  conclude  therefore  that  proton  excitation 
does  not  seem  the  same  as  electron  excitation  even  where  charge  transfer  is  not 
a  factor. 

B.  H_,  and  H«  Emissions 
a  p 

and  emissions  were  measured.  The  results  are 
displayed  in  Fig.  6.  The  measurements  below  20  kev  may  be  too  high,  in 
particular  H<*.  We  single  out  for  doubt  because  we  were  unable  to  make  this 
emission  peak  at  the  lower  energies.  Hp  seems  to  peak  at  about  10  kev.  In 

2 

fact  our  H_  measurements,  where  they  overlap,  agree  well  with  Sheridan  et  al  . 


Cross  sections  for 
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Cross-section  (cm 


It  has  been  our  experience  that  Ha  and  Intend  to  peak  at  about  the  same  energy, 
suspect  that  either  our  pressure  is  too  high  (~lu)  for  this  low  energy  (and  we 
are  observing  Ha  photons  from  beam  neutrals  formed  through  charge  exchange  and 
excited  by  a  second  collision)  or  we  have  background  problems  that  we  are  unaware 
of.  With  our  present  system  we  suffer  too  much  loss  in  beam  current  at  the 
lower  energies  to  operate  at  a  safer  lower  pressure.  This  situation  will  be 
remedied  in  the  future. 

The  fraction  of  the  total  charge  transfer  resulting  in  H  and  H  emission 

a  p 

was  calculated.  These  fractions  are  shown  in  Fig.  7*  The  total  charge- transfer 

9 

cross  sections  were  again  taken  from  Allison's  article.  Fig.  7  is  an  indica¬ 
tion  of  the  efficiency  of  the  charge- transfer  process  in  producing  Ha  and 
photons . 

Charge  transfer  into  excited  states  of  hydrogen  could  be  estimated  from 
the  and  measurements.  The  factor  required  to  change  the  line  cross 
section  to  level  cross  section  can  be  derived  easily  (neglecting  cascade) .  For 
example,  consider  excitation  to  the  n  *  3  level.  Let  ^  be  -the 

rate  at  which  the  3s  level  is  being  populated  by  proton  impacts  where  N(3s)  is 

Q 

the  number  of  atoms  being  placed  in  the  3s  level  per  cm,  o(3s)  is  the  level 
cross  section,  p  the  target  gas  density  and  F  is  the  proton  flux.  Similar 
equations  will  hold  for  the  3P  and  3d  levels.  Thus  a(n»  3)  *  cr(3s)  +  °(3p)  + 
a(3d). 

The  rate  at  which  the  3s  level  is  depopulated  by  radiative  processes  is 

where  T_  is  the  mean  radiative  lifetime  of  the  3®  state.  In 
dt  T3a  3s 

equilibrium  we  have  then  that  N(3s)  -  T_  a(3s) pF  with  similar  equations  holding 
for  the  3p  and  3d  levels.  The  rate  at  which  photons  are  being  emitted, 
n(H0),  is  n(Ha)  -  a(Ha)pF  -  N(3s)A(3s  -*  2p)+N(3p)A(3p -»  2s)+N(3d)A(3d  -»2p). 


We 
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Fig.  7.  Fraction  of  total  charge  transfer  resulting  in  Ha  and  H«  emission  by  H+  impact  on 


Substituting  we  find 


(1) 


°(n  -  3)  ■  °(Hq) 


[■  1  +  Rx  +  R2 

L  T  +  RjT]j"AOp  -»2s)+R2T3dA(3eL  -*2p)  . 


where  R2  " 

For  n  ■  4  we  have 

(2)  o(n  -  4)  -  o(Hp) 


1  +  r3  +  \ 

T^sA(4s  -♦  2p)+R^P,;pA(4p  -*2s)+RJ^T1+dA(4d  -*2p)  . 


We  neglect  c(4f)  which  is  likely  to  be  small. 

An  equation  similar  to  (2)  was  published  in  Reference  3>  which  unfortunately 
is  in  error. 

The  cross-section  ratios  must  be  estimated  from  theory.  We  appeal  to  the 
calculations  of  Bates  and  Dalgarno10  on  the  charge-transfer  reaction  of  proton 
impact  on  atomic  hydrogen.  We  could  have  also  chosen  Mapleton's  calculation11 
on  helium  to  determine  this  factor.  At  high  energies  (>  100  kev)  we  found  it 
made  little  difference  which  calculations  we  used.  The  maximum  difference  in 
the  multiplying  factors  in  the  two  cases  is  only  15  per  cent  for  energies 
greater  than  20  kev,  but  because  Mapleton's  calculations  do  not  predict  maxima 
in  the  cross-section  vs  energy  curve  we  chose  the  hydrogen  problem  as  perhpas 
a  better  analogy.  The  results  of  this  procedure  are  shown  in  Fig.  8. 

C.  N+  Emissions 

Fig.  9  shows  the  excitation  of  the  X5005A  and  X5680A  emissions  of  N+  vs 
energy.  These  emissions  peak  at  about  40  kev,  which  is  indicative  of  the 
large  energy  defect  compared  with  the  other  reactions  studied. 
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FIG.  8.  Estimate  of  th«  population  of  ths  n*3  and  n>4  levels 
of  hydrogen  through  charge  transfer  in  N2 
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Study  II  -  Spectra  Induced  by  H+  Impact  on  Hg 

Balmer  radiations,  and  were  measured  for  proton  impact  on  Hg. 

The  emissions  were  linear  with  the  pressure  in  the  operating  pressure  region 
(5u  -  10  Hg)  down  to  20  kev.  Lower  than  20  kev,  we  operated  at  the  lowest 
pressure  possible  (a  few  microns).  We  hope  that  at  the  lower  energies  the 
neutral  beam  component  did  not  appreciably  affect  our  results. 

Our  results  are  displayed  in  Fig.  10  for  Ha  and  emissions,  both 
Doppler  shifted  and  unshifted.  cross  sections  are  included  in  Figs.  11  and 
1^.  (The  5-kev  point  in  these  figures  suffers  limited  accuracy.) 

A.  The  Doppler  Shifted  Emissions 

These  emission  cross  sections  are  displayed  in  Fig.  11.  Presumably  these 
emissions  are  produced  through  the  decay  of  fast  hydrogen  atoms  resulting  from 
the  electron  capture  from  hydrogen  by  the  incident  protons  according  to  the 
most  probable  transfer  reaction: 

H+  +  Hg-*  H*  +  Hg+. 

These  emissions  appear  to  peak  at  ~10  kev.  However,  the  position  of  the 
peak  may  be  affected  slightly  by  excitation  of  neutrals  in  the  beam  at  these 
energies.  At  10  kev  and  5(u  the  mean  free  path  for  charge  exchange  in  hydrogen 
is  about  6.5  cm.  We  observe  the  beam  just  as  it  enters  the  collision  chamber 
through  a  pumped  chamber.  It  would  seem  that  many  of  the  neutrals  would  be 
formed  in  the  viewing  region  itself  which  is  about  3cm  long.  A  second  collision 
could  then  excite  neutrals  which  could  then  contribute  to  the  Doppler  shifted 
r-adiation.  This  may  not  be  a  negligible  effect.  (A  similar  effect  holds  for 
the  Doppler  unshifted  radiation.) 

Bates  and  Dalgamo1^  have  calculated  electron  capture  with  excited  state 
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FIG.  II.  Balmer  emission  cross  sections  from  proton  capture 
of  an  electron  from  molecular  hydroo*" 


by  protons  from  atomic  hydrogen  using  the  first  Born  approximation.  They 
calculate  that  excited- state  capture  should  pans  through  maxima  ~15  kev.  Our 
apparent  peaks  occur  at  ~10  kev  for  proton  impact  on  molecular  hydrogen.  Fig. 

12  displays  level  cross  sections  calculated  by  Bates  and  Dalgarno  along  with 
our  own  experimental  estimates  of  the  level  cross  sections  per  hydrogen  atom. 

We  arrived  at  the  level  cross  sections  as  before  by  using  the  ratios  of  cross 
section  for  the  different  orbital  angular  momentum  states  as  calculated  by  Bates 
and  Dalgarno  to  obtain  the  relative  contribution  of  the  s,  p,  and  d  levels  to 
the  line.  The  experimental  estimates  are  considerably  less  than  predicted  by 
theory  even  at  the  higher  energies  where  the  Born  approximation  is  supposed  to 
be  more  valid.  Of  course  it  is  recognized  that  the  experimental  data  are 
obtained  on  molecular- hydrogen  target  gas  while  theory  is  associated  with 
atomic  hydrogen  as  a  target. 

We  also  calculated  the  fraction  of  total  capture  that  results  in  Doppler 
shifted  1^,  Hp,  emission  using  the  total-capture  cross  sections  tabulated 
by  Allison.  These  fractions  are  displayed  in  Fig.  13 .  Bates  and  Dalgarno 
calculated  this  fractional  quantity  also  for  HQ  and  H^.  Although  our  fraction 
of  capture  resulting  in  Hg  emission  peaks  at  roughly  their  predicted  energy, 
our  experimental  fractions  are  about  a  factor  of  10  less. 

B.  The  Doppler  Unshifted  Radiation 

Cross  sections  for  the  production  of  these  radiations  are  displayed  in 
Fig.  14. 

Three  excitation  mechanisms  might  be  possible: 

a)  H+  +  H2  -» H  +  H*  +  H+ 

b)  H+  +  H2  -*  H+  +  H*  +  H+  +  e 

c)  H+  +  H2  -»H+  +  H*  +  H 
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(1)  Theory  n  =  3  H4  on  H  (Botes  ond  Dolgorno) 

(2) Theory  n*4  H  on  H  (Botes  ond  Dolgorno) 

(3) Experimentol  estimote  n*3  H4  on  Ht  per  H  atom 

(4) Experimentol  estimote  n»4  H4  on  H,  per  H  atom 
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FIG.  12.  Cross  sections  for  populating  fhe  n«3  and  n*4  levels 
of  fast  hydrogen  atoms  through  electron  capture 
from  hydrogen  by  protons 
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FIG.  13.  Fraction  of  total  charge  transfer  resulting  in  Doppler  shifted  Ha ,  H« ,  and  H  ,  emissions  in 


Cross-section  (cm 


The  maximum  excitation  of  the  unshifted  Balmer  lines  occurs  at  15  kev.  At  this 
energy,  processes  (a)  and  (b)  can  be  ruled  out  by  Keene's  failure  to  observe 
an  appreciable  number  of  slow  protons  in  his  study  of  proton  impact  on  Hg. 

This  leaves  simultaneous  dissociation  and  excitation  (c)  as  the  most  probable 
mechanism  at  this  energy.  Bates  and  Griff ing1^  have  calculated  the  population 
of  excited  states  in  the  reaction  H+  +  H  -»H+  +  H(n)  for  n  *=  2,3,  using  the 
first  Bom  approximation,  which  has  questionable  validity  below  25  kev  for  the 
H+  +  H  reaction.  It  is  difficult  to  get  accurate  values  from  their  plot  but  we 
have  included  our  interpretation  of  their  results  in  Fig.  14  for  n  =  3*  We  also 
include  our  estimate  of  the  population  cross  section  of  the  n  «=  3  level  by 
proton  impact  on  molecular  hydrogen  per  hydrogen  atom.  We  referred  to  their 
calculations  to  obtain  the  factors  required  to  transform  the  our  HQ  measurements 
to  level  measurements.  Again  our  results  are  low  compared  with  theory. 

•0  85 

The  unshifted  Balmer  emissions  seem  to  go  roughly  as  E*  3  where  E  is  the 

proton  energy.  This  seems  to  hold  from  about  25  kev  to  the  higher  energies. 

There  is  always  the  question  of  the  role  of  cascade  in  populating  levels. 

We  used  the  calculations  of  Bates  and  Dalgaroo  and  Bates  and  Griffing  to 

estimate  the  effect  of  cascade  on  the  H  and  H  shifted  and  unshifted  emission. 

a  p 

On  this  basis  it  would  appear  that  cascade  contributes  about  10  per  cent  and 

5  per  cent  to  the  Doppler  unshifted  and  Doppler  shifted  Hq  lines,  respectively, 

while  cascade  contributes  about  2  per  cent  to  both  the  Doppler  unshifted  and 

shifted  H_  emissions. 

P 

Study  III  -  H+  Impact  on  He 

Severed  helium  line  cross  sections  were  determined  in  this  study  as  well 
as  the  cross  sections  for  the  Doppler  shifted  Hg  and  emissions.  Of  the 
helium  emissions  studied,  only  the  4  -*  2  S  and  5  XS  -*  2  S  transitions  and 
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the  He^  (4  -*  3)  X4686  line  were  approximately  linear  with  pressure  in  the 
pressure  range  used  (from  20u  Hg  to  1.5u  Hg). 

The  equipment  used  was  the  same,  but  since  our  study  included  measure¬ 
ments  of  the  3  ^  -»2  1P  as  (X7281A)  line  our  standard  lamp  had  to  be 
extrapolated  beyond  the  65OOA  Yerkes  Observatory  calibration  limit.  This  was 
done  by  plotting  log  X^  E.  vs  l/X  (the  short-wave-length  approximation  to  the 
Planck  radiation  law)  as  a  straight  line  through  the  calibration  points  and 
extrapolating  this  line  into  the  desired  region.  The  spectrometer  -  photo¬ 
multiplier  system  was  checked  at  X728I  to  make  certain  that  appreciable 
radiation  from  the  standard  lamp  was  not  appearing  in  the  second  order.  This 
proved  to  be  negligible  within  experimental  error. 

A.  Balmer  Emissions 

Ha  and  Hg  emissions  were  studied.  The  results  are  displayed  in  Fig.  15 . 

As  can  be  seen,  these  emissions  peak  at  about  30  kev,  which  is  comparable  to 
the  energy  position  of  the  peak  in  the  total  charge  transfer  in  helium 
(~25  kev) . 

The  results  can  be  compared  with  the  calculations  of  Mapleton^  on 
electron  capture  from  helium  by  protons.  Again  we  appeal  to  calculations  to 
obtain  the  contributions  of  the  different  orbital  states  in  getting  the  proper 
factors  to  transform  our  line  cross  sections  into  level  cross  sections.  Fig. 

16  compares  our  experimental  estimate  of  the  level  population  with  the 
calculations  of  Mapleton  for  the  n  «  3  level.  Again  the  results  are  low  compared 
with  theory  even  at  the  higher  energies  where  the  Born  approximation  is 
assumed  valid. 

We  also  calculated  the  fraction  of  total  charge  transfer  that  results  in 
Hq  and  Hg  emission  for  each  energy.  These  are  displayed  in  Fig.  17 • 
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FIG.  16.  CroM-stction  for  populating  ft*  n«3  lovol  in  hydrogon  through  oltctron 
capture  by  protons  in  helium 
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FIG.  17.  Fraction  of  total  charge  transfer  events  resulting  in  and  H«  emissions  in  helium 


B.  The  Hen  (4  -*3)  line  (  >4686a) 

This  radiation  results  from  the  decay  of  the  excited  He+  ion.  Two 
mechanisms  are  competing  here.  Charge  transfer  is  dominant  at  the  lower 
energies  while  simultaneous  ionization  and  excitation  becomes  dominant  at  the 
higher  energies.  Fig.  18  displays  our  results  for  this  line.  This  line  peaks 
at  about  40  kev.  At  this  energy,  charge  transfer  is  most  probably  dominant. 

The  population  of  the  n  =  4  level  can  be  estimated  from  Mapleton's  work  on 

11  14 

charge  transfer  and  simultaneous  excitation  and  ionization  in  helium.  His 

charge-transfer  work  includes  only  the  n  =  2  excited  level,  but  we  used  the 

n  law  to  estimate  the  n  =  4  level.  His  ionization  work  includes  the  n  =  3 

_-3 

level,  and  we  again  used  the  n  law  to  obtain  values  for  n  *  4.  At  about  120 
kev  it  appears  that  charge  transfer  and  ionization  are  about  equally  effective 
in  populating  the  n  *  4  level.  At  200  kev,  charge  transfer  can  be  neglected. 
We  include  the  theoretical  estimate  of  the  n  *  4  population  along  with  our 
estimate  from  the  results  on  the  >4686  line  in  Fig.  19.  The  agreement  is 
apparently  fairly  good  where  the  Born  approximation  is  expected  to  hold.  Both 
estimates  are  quite  rough,  however,  in  particular  the  estimate  from  experiment. 

C.  Population  of  the  n  1S  Levels 

Cross  sections  for  direct  excitation  into  the  4  and  5  1S  levels 
(neglecting  cascade)  could  be  obtained  most  easily  since  the  apparent  cross 
sections  for  the  4  -» 2  1P  (X5047A)  line  and  the  5  1S  -» 2  "S’  (X4438A)  line 

were  approximately  independent  of  the  pressure  at  lower  pressures.  However, 
the  3  1S  -> 2  1P  (X728IA)  line  was  noticeably  pressure-dependent,  with  the 
apparent  cross  section  increasing  as  the  pressure  increased.  This  effect  is 
probably  caused  by  the  cascade  from  n  S’  levels  (n>3)  whose  population  is 
pressure- sensitive.  The  3  1S  level  is  more  heavily  populated  by  cascade  than 
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FIG.  18.  Cross  ssction  for  th#  production  of  ths  Hs1I(4— 3)  radiation  by  proton 
impact  on  hslium 
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FIG.  19.  Cross  sections  for  the  population  of  the  n*4  level  of  He4  by  proton 
impact  on  He 


higher- lying  levels.  Pig.  20  displays  our  results.  Fig.  21  displays  our 

estimate  of  the  1S  level  population.  Branching  ratios  were  obtained  by  using 
the  transition  probabilities  tabulated  by  Gabriel  and  Heddle.1^  The  3  "*"S 
results  must  be  considered  only  tentative  since  we  have  not  really  looked  fully 
into  the  pressure  dependency. 

Included  in  Fig.  21  are  the  results  of  Van  Eck  et  al.1^  Our  results 

seem  to  be  higher  than  theirs  where  the  data  overlap.  Further,  our  results 

do  not  seem  to  extrapolate  well  to  our  previous  measurements  at  200  kev.  This 

present  work  seems  to  indicate  our  200-kev  data  are  low,  a  conclusion  also 

17 

reached  by  Sternberg  and  Tomas.  On  the  other  hand  our  200-kev  points  align 
well  with  the  work  of  Van  Eck  et  al.1^  No  explanation  is  offered  at  the 
present . 

This  excitation  can  be  compared  with  the  excitation  by  electrons  of  the 

l8  X 

same  velocity.  Stewart  and  Gabathuler  determined  that  the  k  S  -»2  p  and 

1  i  -20  2 

5  S  -*2  p  transitions  have  a  maximum  cross  section  of  16.3  X  10  cm  and 
••20  2 

k.9  X  10”  cm  ,  respectively  at  36  ev  for  electron  impact.  These  maximum 
cross  sections  are  2.6  and  3.2  smaller  than  our  respective  maximun  cross  section, 
and,  further,  we  might  have  expected  our  maximum  to  occur  at  about  66  kev  which 
corresponds  to  the  velocity  of  a  36- volt  electron.  Instead,  our  maximum  occurs 
at  ~50  kev.  (it  is  of  some  interest  to  note  that  our  previously  determined 
200-kev  points1  for  the  k  1S  and  5  "''S  levels  correspond  closely  to  the  108-ev  •. 
data  of  Gabriel  and  Heddle.1^  The  velocities  of  these  particles  at  these 
energies  are  about  equal . ) 

D.  Excitation  to  the  3  1P  Level  of  Helium 

A  tentative  cross  section  for  direct  excitation  into  the  3  level  was 
obtained  by  essentially  using  the  method  described  by  Gabriel  and  Heddle.1'’ 
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FIG.  20.  Cross  Motions  for  the  production  of  n'S— 2'P  radiation  for  n*3,4,5 
by  H+  impact  on  He 


It  was  assumed  that  the  cross  section  for  populating  the  3  "S’  level  by  direct 
impact  could  be  expressed  by 

Q  (3  XP)  =»  Q’  (3P2)  A(3P1)  g(p)  +  [A(3P2)  +  A(3P3)]  j  /A(3P2) 

where  Q'(3P2)  and  A(3P2)  are  the  apparent  cross  sections  for  producing  the 
3  ^P  -» 2  transition  and  the  associated  transition  probability,  respectively; 
A(3P1)  and  A(3P3)  are  the  transition  probabilities  for  3  -» 1  and  3 

3  1S,  respectively;  and  g(p)  is  the  imprisonment  of  resonance  radiation  factor. 

An  effective  imprisonment  radius  was  chosen  to  give  the  same  Q(3  ^p)  for  the 
different  Q' (3P2)  at  different  pressures  for  a  given  energy  (70  and  90  kev). 

It  was  assumed  that  this  radius  was  independent  of  energy.  This  radius  seemed 
to  be  .4  cm  for  our  apparatus.  (This  is  a  rather  meaningless  number  in  our 
case  since  it  depends  on  parameters  external  to  the  collision  chamber,  such  as 
the  spectrometer  slit  width.)  Further  work  is  anticipated  in  order  to  increase 
our  confidence  in  this  measurement.  It  may  well  be  off  by  as  much  as  a  factor 
of  two. 

It  is  to  be  noted  that  the  3  excitation  appears  to  be  close  to  a  maximum 

at  130  kev.  Thi6  excitation  can  be  compared  with  the  theoretical  work  of 

19  - 18  2 

Bell.  He  predicts  a  maximum  cross  section  of  about  3.1  X  10  cm  at  12k  kev. 

This  is  good  agreement  with  our  results  indicated  by  Fig.  22.  However,  our 

experimental  values  are  quite  uncertain  at  the  present.  (P  excitation  reaches 

l8 

a  maximum  at  about  100  ev  for  electron  impact^  which  corresponds  to  about 
185-kev  proton  impact  for  equal  velocities.) 

E.  The  4  h)  -*2  1P  Line 

This  line  is  pres sure- dependent  presumably  because  of  collisions  of  second 
kind  where  atoms  in  the  ^P  state  transfer  their  excitation.  Fig.  23  shows  an 
excitation  curve  for  this  line  for  a  pressure  of  ~4n.  As  can  be  seen,  the 
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FIG.  23.  Apparent  cross  sections  for  exciting  the  4  'D—  2  'P  transition  in  helium  by 
proton  impact  at  about  4  fi  pressure 


2.6 

excitation  appears  to  maximize  at  about  70  kev.  (Stewart  and  Gabathuler  find 
this  line  maximizes  at  about  45  ev  for  electron  impact  which  corresponds  to 
about  80-kev  proton  impact  for  equal  velocities.) 
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Appendix  Table  I.  Calculated  Minimum  Energy  Defect,  AE,  for 
Certain  Charge- changing  Reactions  (in  Electron  Volts). 


\Reaction 
Level  (n)  \ 

A 

B 

C 

D 

E 

F 

G 

H 

1 

10.9 

2.0 

1.0 

2.6 

7.9 

2.2 

12.8 

4.5 

2 

21.1 

12.1 

9.1 

12.7 

18.1 

12.3 

23.0 

14.6 

3 

23.0 

14.0  ' 

11.0 

14.6 

20.0 

14.2 

24.9 

16.5 

4 

23.6 

14.7 

11.6 

15.3 

20.6 

14.8 

25.5 

17.2 

Reaction  A:  H+  +  He  ->  H(n)  +  He+  where  H(n)  represents  electron  capture  into 


the  nth  level  of  hydrogen. 
B:  H+  +  N2  -»H(n)  +  N2+ 


C:  H+  +  02  -  H(n)  +  o2+ 

D:  H+  +  H2  -* H(n)  +  Hg+ 

E:  H+  +  Ne  -»H(n)  +  Ne+ 

F:  H+  +  A  -*  H(n)  +  A+ 

G:  H2++  He  -» H  +  H(n)  +  He+ 

H:  H2++  Hg  -►  H  +  H(n)  +  Hg+ 


[it  is  assumed  in  these  calculations  that  the  Hg+  ion  exists  In  a  most  probable 
vibrational  state  0.75  ev  above  the  ground  vibrational  state.] 
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Appendix  Table  II.  Calculated  Minimum  Energy  Defect,  AE,  for 
Certain  Excitation  Reactions  in  (in  Electron  Volts). 


\  Reaction 
Level  (a)\ 

A 

B 

C 

D 

E 

F 

°i 

2.0 

15-5 

8.3 

21.9 

22.8 

36.4 

5.2 

18.7 

28.9 

42.5 

44.4 

57.0 

31.4 

44.9 

46.9 

59.4 

H+  +  N2  -*  H  +  N2+(a)  where  0^  £  X  2Z  v  «  0  and 
ag  £  B  2S  v  =  0 

H  +  N2  -»H  +  N2  (o)  +  e  where  a  same  as  reaction  A 

H+  +  N2  -» H  +  N  +  N+  (a)  where  0^  £  ground  state, 

Og  £  3p  3d  and  0^  £  3d  3F° 

+  +  + 

H  +N2~»H  +  N+  N  (Of)  +  e  where  a  same  as  reaction  C 

H+  +  N2  -»H  +  N+  +  N+(a)  +  e  where  a  same  as  C 

H+  +  N2  -» H+  +  N+  +  N+(a)  +  2  e  where  a  same  as  C 


Reaction  A: 

B: 

C: 

D. 

E: 

F; 
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Appendix  Table  III.  Calculated  Minimum  Energy  Defect,  AE,  for 
Certain  Excitation  Reactions  in  Helium  and  Hydrogen  (in  Electron  Volts). 


\  Reaction 
Level  (n)  \ 

A 

B 

C 

D-E 

F 

1 

24.5 

10.9 

4.5 

1.9 

6.4 

2 

65.1 

51.6 

14.6 

12.1 

16.5 

3 

72.6 

59-1 

16.5 

13.9 

18.4 

4 

75.2 

61.7 

17.2 

14.6 

19.1 

Reaction  A: 

H+ 

+  He  ->  H+  + 

He+(n) 

B: 

H+ 

+  He  -*  H  + 

He+(n) 

C: 

H+ 

+  H2  ‘ 

-»H  + 

H(n)  + 

D: 

h 

f  +  He 

+ 

-*H 

+  H(n)  • 

E: 

*2 

f  ♦*> 

+ 

-»H 

+  H(n) 

F: 

H2 

-» H+ 

+  H(n) 

as 


The  Massey  adiabatic  parameter,  can  *xpr*B8ed  f°r  H+  impact 

a  (Ae)  Eq  Wben  a  is  expressed  in  Angstrom  units,  AE  in  ev,  and  E*,  is 

17.4 


incident  ion  energy  in  kev. 

The  parameter  can  be  expressed  as 


a  (AE)  B0*  f(jr  impact  where 

JjT-g  2 


a,  AE,  and  E  are  in  the  same  units  as  before. 
’  ’  0 
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Erratum:  Spectra  Induced  by  200-kev  Proton  Impact  on  Nitrogen,  R.  H.  Hughes, 
J.  L.  Philpot,  and  C.  Y.  Fan,  Phys.  Rev.  123,  2084  (1961). 


The  formula  for  reducing  the  Ha  cross  section  to  the  n  *  4  level  population 

P 

cross  section  should  read: 

o(n  =  4)  =  a( Hp)  £L  +  R±  +  R2  ] 

T(4s)a(4s -+  2p)  +RxT(4p)A(4p  -*2s)  +  R2  T(4d)A(4d  -»2p) 

where  R^  and  R^  are  as  previously  defined  and  the  T's  and  A's  are  indicated 

lifetimes  and  transition  probabilities,  respectively. 


0 
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Errata  -  Technical  Report  Contract  AF  19(6o4)-49 66  (AFC-rl-63-225) 

a)  Fig.  6.  H  and  H.  emission  from  H+  impact  on  N„.  The  H  curve  should  be 

Of  p  c.  QL 

plotted  using  the  following  table:  _  .  . 

Energy  (keV) 

,,/,„-l8 2 A  5  10  15  20  30  40  50  60  70  80  90  100  110  120  130 

U  ;  |5.?  5.2  4.?T7o  2.d  2.0  1.5  1.0  0.79  0.5q"O5  0.3U  0.^  0.22  0.19 

This  contains  new  data  obtained  by  observing  perpendicular  to  the  beam.  The 
previous  values  shown  in  Fig.  6  in  the  region  above  50  keV  are  too  high  be¬ 
cause  was  shifted  too  near  a  suspected  line  at  X6482A.  The  data  from 

10  keV  to  50  keV  remains  the  same. 

b)  Fig.  7-  Fraction  of  total  charge  transfer  resulting  in  H  and  emission 

a  p 

by  H+  impact  on  Ng. 

The  plot  for  HQ  should  be  corrected  in  accordance  with  the  above  table. 

This  should  read:  .  . 

Energy  (keV) 

*  ,T  \  15  20  30  40  50  60  70  80  90  100  120  130 

*  alo.55  0.51  0.49  0.45  0.44  0.34  0.36  0.30  0.3 6  0.3U  0.34  6.35 


c)  Fig.  8.  Estimate  of  the  population  of  the  n  -  3  and  n  ■  4  level  of 
hydrogen  through  charge  transfer  in  N 

The  n  =  3  curve  should  be  corrected  *y  using  the  ratio  of  the  new  values 
for  Hq  emission  to  the  values  read  from  Fig.  6. 

d)  Fig.  17.  Fraction  of  total  charge  transfer  events  resulting  in  h  and  H, 


P 


emission  in  helium. 

On  the  Ha  curve  the  90  and  100  keV  points  should  read  O.yof  and  0.34£, 
respectively,  instead  of  0.40^  and  O.M^t,  respectively.  Further  the  130 
keV  point  is  closer  to  0.39 $  than  O.kft  as  shown. 


